The transmembrane protein Crumbs (Crb) functions in apical polarity and epithelial integrity. To better understand its role in epithelial morphogenesis, we examined Crb localization and dynamics in the late follicular epithelium of Drosophila. Crb was unexpectedly dynamic during middle-to-late stages of egg chamber development, being lost from the marginal zone (MZ) in stage 9 before abruptly returning at the end of stage 10b, then undergoing a pulse of endocytosis in stage 12. The reappearance of MZ Crb is necessary to maintain an intact adherens junction and MZ. Although Crb has been proposed to interact through its juxtamembrane domain with Moesin (Moe), a FERM domain protein that regulates the cortical actin cytoskeleton, the functional significance of this interaction is poorly understood. We found that whereas the Crb juxtamembrane domain was not required for adherens junction integrity, it was necessary for MZ localization of Moe, aPKC and F-actin. Furthermore, Moe and aPKC functioned antagonistically, suggesting that Moe limits Crb levels by reducing its interactions with the apical Par network. Additionally, Moe mutant cells lost Crb from the apical membrane and accumulated excess Crb at the MZ, suggesting that Moe regulates Crb distribution at the membrane. Together, these studies reveal reciprocal interactions between Crb, Moe and aPKC during cellular morphogenesis. DEVELOPMENT Development ePress. Posted online 29 April 2015 http://dev.biologists.org/lookup/
INTRODUCTION
Epithelia form the basis of animal tissue architecture, establishing a barrier against diffusion and providing mechanical structure by their adhesive and cytoskeletal properties. Apicobasally polarized membrane and junctional domains serve these functions and maintain their identities in the face of dynamic processes, such as cell cleavage, rearrangements, tissue bending, spreading and cell delamination. Understanding how cells manage this has major implications for both development and human health.
One key regulator of epithelial integrity is the apical transmembrane protein Crumbs (Crb). Crb regulates apicobasal polarity in Drosophila (Tepass, 1996) as well as in vertebrates (Bazellieres et al., 2009; Roh et al., 2003) . More recently, Crb has been recognized as having a distinct role regulating the positioning and stability of adherens junctions (AJs) during such processes as the formation of the salivary gland and rhabdomere biogenesis during pupal eye development (Campbell et al., 2009; Klose et al., 2013; Letizia et al., 2011; Morais-de-Sá et al., 2010; Muschalik and Knust, 2011; Röper, 2012; Pocha and Knust, 2013; Tepass, 2012; Walther and Pichaud, 2010) .
Crb contains several conserved domains: an extracellular domain that oligomerizes to stabilize Crb localization at the membrane (Muschalik and Knust, 2011; Pellikka et al., 2002; Richard et al., 2009; Thompson et al., 2013) , and two highly conserved intracellular domains, a C-terminal PDZ-binding domain and a juxtamembrane (JM) domain (Klebes and Knust, 2000) . The PDZbinding domain interacts with the Par and Sdt complexes to promote apical polarity (Tepass, 2012) . The function of the JM domain (also called the FERM-binding domain) is not as well understood. It is implicated in positively regulating Hippo (Hpo) signaling by binding Expanded (Ex) (Ling et al., 2010; Robinson et al., 2010) , and, via binding of Yurt (Yrt), negatively regulating Crb levels at the membrane (LaPrise et al., 2006) . The JM domain also promotes AJ formation (Izaddoost et al., 2002; Klebes and Knust, 2000; Pilot et al., 2006; Bulgakova and Knust, 2009 ), although it is unknown which proteins interact with Crb in this context. Recently, the JM domain was implicated in specifying the position of a supercellular actomyosin cable, by concentrating atypical protein kinase C (aPKC) away from the site of the cable, thereby allowing an increase in localized Rhomboid (Rho) activity (Röper, 2012) .
Many, if not all, functions of the JM domain appear to be related to the cortical actin cytoskeleton. One potential mechanistic link between Crb, the cytoskeleton and AJs is Moesin (Moe), an apical FERM protein that organizes actin and cross-links apical membrane and the actin cortex (Bretscher et al., 2002; Fehon et al., 2010; Polesello et al., 2002) . Moe forms a complex with Crb, actin and β-heavy spectrin (β Spectrin; Médina et al., 2002a) , and has been shown to interact with Crb in tracheal morphogenesis (Kerman et al., 2008; Letizia et al., 2011) . Furthermore, Crb3, a mouse Crb ortholog, has been shown to interact with ezrin (Ezr), a mammalian Moe ortholog, and Crb3-knockout mice display phenotypes similar to Ezr mutants (Whiteman et al., 2013) .
The mechanisms by which the Crb JM domain promotes epithelial integrity have remained elusive (Fletcher et al., 2012; Röper, 2012) . Employing a knock-in allele of crb with defective FERM-binding (Huang et al., 2009) , and manipulating Crb and Moe expression, we examined interactions between Moesin and the Crb JM domain in Drosophila main-body follicle cells (FCs). These cells form a monolayer epithelium that covers the oocyte and nurse cells, and undergo a series of dramatic cell shape changes, culminating in squamous expansion as nurse cells rapidly dump their contents into the oocyte.
Manipulating Crb and Moe expression had strong effects on junctional protein localization during the columnar-squamous transition. Crb was dynamically deployed in stages 10-12, with a previously unrecognized loss and subsequent relocalization to the marginal zone (MZ) after stage 10b, at which time it became required for maintenance of both the AJs and the MZ. From stage 11 onwards, Crb was essential for Moe localization at the MZ, whereas Moe in turn regulated Crb levels apically via actin organization, and, at the MZ, through an antagonism with aPKC that reduced Crb interaction with the apical Par network.
RESULTS

Crumbs localization shifted in conjunction with squamous morphogenesis in main-body FCs
We assessed localization of apical and junctional proteins in FCs during stages 8-12. The follicular epithelium undergoes transitions among cuboidal, columnar and squamous shapes during egg chamber development (Fig. 1A) . The main body FCs become columnar in stages 9-10a, then cuboidal in stage 10b. In stage 11, they rapidly become squamous, doubling their apical and basal areas and trebling their perimeters in 20 min. Whereas external forces drive this squamous expansion as nurse cells empty their contents into the oocyte, the FCs must nevertheless actively remodel their junctions and membrane domains to maintain adhesion to the extracellular matrix (Delon and Brown, 2009; Schotman et al., 2008) , cell-cell adhesion (Pope and Harris, 2008) and epithelial integrity. Because optical constraints make it difficult to image squamous cells in cross-section, we employed maximal projections encompassing the apical junctions and apical surface (see Materials and Methods and supplementary material Fig. S1 for an explanation).
Crb is normally localized in the apical region, with a high concentration in the MZ. Strikingly, in stages 9 and 10, Crb relocalized from the MZ, where it was found in stage 8 and earlier, to the apical surface ( Fig. 1B) , coinciding with the outgrowth of follicle cell microvilli (supplementary material Fig. S2A ; see also Fig. 1 . Crumbs localization shifts in conjunction with squamous morphogenesis in FCs. (A) Major events during oogenesis stages 8-12: main body FCs (yellow) become columnar in stages 8-10a, then cuboidal and finally squamous, flattening in 20 min in stage 11 as the nurse cells (gray) dump their contents into the oocyte (blue). (B) Crb was lost from the MZ in stages 9-10, reappearing abruptly at the beginning of stage 11. Images are projections of four confocal sections, 0.3 µm apart, spanning the MZ and apical surface, imaged and processed with the same settings. Throughout the article, maximal projections encompassing the apical junctions and apices are shown, except where noted. (C) Ecad became highly corrugated in stages 9-11, straightening in 11-12; single sections were imaged and processed with the same settings. (D) Crb was present on follicle cell apices in stage 10, not merely on the oocyte surface, as shown by crb 1 null mitotic-follicle cell clones positively labeled with MARCM. (E-F‴) Inhibiting endocytosis with flip-out clones expressing GFP and dominant-negative Rab5 (Rab5 DN ) did not affect Crb levels in stage 9 (E,E′), in contrast to stage 10 and later, in which it caused a strong buildup of Crb (F,F′). Close-up views of Crb staining in Rab5 DN show apical buildup (F″) and lateral accumulation (F‴). (G) Crb transcription was upregulated in stages 9-11 relative to other stages, shown by mean gray levels of β-galactosidase in crb lacZ (crb M1M2 ) egg chambers. Scale bars: 10 µm (in C-E), 20 µm (in F,G). Error bars in G are s.e.m., n shows number of egg chambers measured (10-20 cells/egg chamber). Groups labeled a-c delineate those significantly different in unpaired, two-tailed t-tests, to P<0.01. D' Alterio et al., 2005; Schlichting et al., 2006) . That the FCs retained apical Crb during stage 10 is confirmed by the loss of staining in crb null clones ( Fig. 1D ). Crb returned abruptly to the MZ in stage 11, just before the rapid flattening of FCs, and, in stage 12, was also present in cytoplasmic punctae.
Ecadherin (Ecad; also known as Shotgun/Shg) also changed localization during these stages. The apical-most population of Ecad (Fig. 1C ) became increasingly corrugated in stages 9-10 and junctions appeared discontinuous in stage 10. In stage 11, Ecad was again continuous and straightened in conjunction with squamous expansion.
Other apical and MZ components displayed similar but less dramatic shifts in localization (supplementary material Fig. S3 ). Bazooka/Par3, an apical Par protein which regulates AJ assembly, was localized similarly to Ecad. Patj and aPKC remained weakly at the MZ through stage 10, and subsequently became more strongly junctionally localized. Echinoid (Ed) remained strongly junctionally localized throughout these stages. By contrast, phospho-Moe (pMoe, the active form of Moe), like Crb, lost its junctional localization in stages 9-10 but regained it by stage 12.
The rapid shifts in Crb staining could result from changes in Crb turnover from the plasma membrane via endocytosis and/or changes in crb transcription. Using a dominant-negative form of Rab5 (Rab5 DN ) which blocks endocytosis, we found that Crb trafficking became more dynamic, beginning in late stage 10. Remarkably, whereas blocking endocytosis in stages 1-10a had no visible effect on Crb staining ( Fig. 1E and data not shown). From stage 10b on it caused a strong Crb accumulation both apically and basally ( Fig. 1F-F‴) , indicating that Crb levels are negatively regulated by endocytosis at these stages. Similar effects were previously seen in wing disks (Lu and Bilder, 2005) . Additionally, stages 12-early 13 exhibited a pulse of Crb vesicles; that these are endocytic could be shown by the abrogation of Crb-labeled vesicles in Rab5 DN flip-out clones (supplementary material Fig. S4A ). These vesicles colocalized extensively with the lysosomal marker Lamp1, indicating that they are degraded rather than recycled (supplementary material Fig. S4B ). This brief and noticeable pulse of endocytosis provides a window into regulation of Crb levels. Together, these results indicate that Crb levels are dynamically regulated during crucial stages of follicular morphogenesis.
To examine crb transcriptional regulation in the follicular epithelium, we employed a lacZ reporter for crb expression . We found that return of Crb to the MZ in stage 11 was preceded by a strong upregulation in crb transcription ( Fig. 1G ). Thus, transcriptional regulation of crb expression also plays a role in its dynamic expression patterns in the follicular epithelium.
Crb is required for localization of MZ and AJ proteins beginning in stage 11
Increased Crb expression flattens embryonic epidermal cells by increasing their apical domain at the expense of the lateral domain (Wodarz et al., 1995) , although it has also been suggested that increased levels of endogenous Crb cause expansion of the MZ and a corresponding reduction of the apical, free surface (Letizia et al., 2013) . We tested whether FCs might regulate Crb to facilitate rapid apical expansion. However, depleting Crb in flip-out clones using RNAi effectively reduced Crb levels, but did not prevent the apical expansion of FCs ( Fig. 2A′ ).
Next, we considered whether the reappearance of Crb at the MZ might restructure the apical junctions. We therefore compared effects of Crb depletion at stage 10, when Crb is not normally present at the MZ, with those at stages 11-12, when it is. If return of Crb to the MZ promotes proper organization of the MZ and AJs, then loss of Crb should affect those junctions only after stage 11. Indeed, in stage 10, Crb loss had no effect on localization of Baz, aPKC, F-actin or pMoe ( Fig. 2B-E) . By contrast, beginning in stage 11, Crb loss was associated with fragmentation of Baz at the AJs (Fig. 2B′,F) , and with reduction of aPKC, pMoe, and F-actin at the MZ (Fig. 2C′-E′) . The pMoe phenotype was particularly striking, being completely lost from the MZ, yet retained normally in the apical domain ( Fig. 2D′ ). Co-staining pMoe with the membrane marker mCD8RFP in crb 1 (null) MARCM clones ( Fig. 2G -G″) reiterated that junctional integrity remained intact in Crb-deficient cells.
In sum, many MZ and AJ components depended on the return of Crb to the MZ in stage 11. As Crb has previously been implicated in the organization of AJs through its JM domain (Izaddoost et al., 2002) and/or via interaction with Moe (Médina et al., 2002b) , we next turned to dissecting the roles of the Crb JM and PDZ-binding domains in this system, testing whether the Crb-dependent loss of Moe was upstream of AJ fragmentation.
The Crb JM domain is required to localize MZ but not AJ components
We employed knock-in alleles of crb that replace the endogenous crb locus with versions containing either a deleted PDZ-binding domain (crb PDM ) or a mutated JM domain (crb JMM ) (Huang et al., 2009 ; and see Fig. 3A ). We assessed Crb localization in mitotic clones by creating homozygous cells expressing only the mutant crb allele. We stained with an antibody against the extracellular domain that could detect both wild-type (wt) and mutant Crb. Unsurprisingly, given the essential role of the Crb PDZ-binding domain binding to the apical Par and Sdt complexes (Bulgakova and Knust, 2009 ), Crb PDM was not retained at the membrane and was heavily vesicular in all stages ( Fig. 3B ; supplementary material Fig. S4C ). However, Crb JMM (Fig. 3C ) displayed partial to nearnormal junctional localization, with no excess Crb vesicles. In contrast to boundaries with crb RNAi (see Fig. 2A ) or Crb PDM cells, wild-type cells adjacent to Crb JMM cells displayed normal MZ Crb localization, suggesting that intercellular Crb interactions could stabilize Crb JMM .
The junctional retention of Crb JMM let us ask whether loss of the JM domain alone caused the same reduction in junctional proteins seen with depletion of Crb after stage 11 (except F-actin, in which neither post-fix for the Crb staining was compatible with a Phalloidin staining). We restricted our analysis to cases in which Crb JMM was retained at near-normal levels. In crb JMM clones, the Sdt complex member Patj localized normally (Fig. 3D) , confirming that the MZ was intact. Unlike crb RNAi, crb JMM mutants displayed near-normal localization of Baz (Fig. 3E ). This indicates that, although Crb is required for AJ maintenance in this system, the key residues for FERM binding in the Crb JM domain (Klebes and Knust, 2000) are not. In contrast to Baz, we found that aPKC, F-actin and pMoe were all strongly reduced at the MZ in crb JMM clones ( Fig. 3F-H ,J,F′ and J‴ show co-staining with Crb), much as they were with crb RNAi, indicating that that their normal localization requires this domain. Total Moe, however, was not affected (Fig. 3I ). Note that despite the complete absence of pMoe staining, there is no physical gap between cells, as shown by MZ single-sections and cross-sections co-labeled for pMoe, mCD8 and Crb (Fig. 3K) .
The Crb JM domain could either promote pMoe accumulation at the MZ or promote Moe phosphorylation specifically in that region, as suggested by the fact that total Moe localization was unaffected. To explore these possibilities more rigorously, we expressed a phosphomimetic form of Moe, Moe T559D , in cells that simultaneously expressed Crb JMM . We found that, although Moe T559D localized properly to the MZ in wt cells (Fig. 3L) , it failed to do so in Crb JMM -expressing cells (Fig. 3M) . Thus, the Crb JM domain is necessary to recruit active, phosphorylated Moe to the MZ in post-stage 10 FCs, but is not required for Moe phosphorylation.
A previous study (Médina et al., 2002a) showed that Crb and Moe co-immunoprecipitated from embryonic cell lysates, suggesting that they form a complex in epithelial cells. This possibility seems consistent with our observation that pMoe localization to the MZ is Crb dependent. To further examine putative binding interactions between Crb and Moe, as well as with aPKC, we performed co-immunoprecipitation experiments in S2 cells, but were unable to find any evidence for binding interactions between these proteins (supplementary material Table S1 ). We cannot rule out the possibility that interactions between Crb and Moe only occur in epithelial cells, but these negative results suggest that any interactions are of low affinity and possibly very transient. Nevertheless, our in vivo data strongly suggest that they functionally interact.
Depleting Moe causes Crb to accumulate junctionally after stage 10
If Moe functionally interacts with Crb at the MZ, then depleting Moe might affect Crb localization. Interestingly, depleting Moe had no effect on Crb in stage-10 FCs (Fig. 4A ), but caused elevated MZ staining, beginning in stage 11 (Fig. 4B) . We also observed a strong increase in Crb intracellular punctae at stage 12 in Moe-deficient cells (Fig. 4C) , and a reduction of apical (non-MZ) Crb (Fig. 4D-F) . Although Moe-depleted cells were taller than wild-type cells, so that cell apices were offset (Fig. 4D) , analysis of single sections (as shown in Fig. 4D ,D′) demonstrated that Crb is lost from the apical membrane and accumulates junctionally in Moe-deficient cells (Fig. 4E ). Maximal projections highlighted these changes in Crb localization (Fig. 4C,E″) . To ensure that the excess MZ Crb was not due to the smaller apices of Moe-depleted cells, concentrating Crb in a smaller periphery, we confirmed that a weaker driver for the Moe RNAi transgene caused elevated levels of MZ Crb staining in the absence of apical shrinkage (Fig. 4G) .
Because Moe is implicated in microvillar structures (Karagiosis and Ready, 2004) , which, if absent during stage 10, could give rise to later phenotypes, we evaluated microvilli in Moe null clones and in crb JMM clones. In Moe null clones, however, microvilli were not absent but longer than normal. Microvilli were unaffected in crb JMM clones (supplementary material Fig. S2B-C″) .
In agreement with the lack of change in total Crb levels (Fig. 4F) , Moe depletion did not affect crb transcription, as measured by crb-lacZ expression (Fig. 4H) . Furthermore, the excess Crb staining was not attributable to a complete blockage in endocytic trafficking, as Crb colocalized extensively with lysosomes in Moe null as well as wt cells (supplementary material Fig. S4D ). Although Moe downregulates Rho1 in imaginal disks (Speck et al., 2003; Neisch et al., 2010) , the Crb phenotype was independent of Rho1 dosage (supplementary material Fig. S4E-F′) .
Overall, under Moe depletion we observed a redistribution of Crb from the apical membrane to the MZ and to intracellular vesicles. This suggests that Moe functions to remove Crb from the MZ, stabilize it at the apical surface, or both, and that this is mediated by interaction with the Crb JM domain. It is also possible that some of the effects on Crb reflect a more general defect in the organization of the apical cortex and plasma membrane caused by Moe loss (supplementary material Fig. S5 ). To examine this possibility, we used the MARCM technique to test the effect of Moe loss on Crb JMM , which should not interact directly with Moe. We observed that loss of Moe affected Crb JMM localization distinctly from its effects on wild-type Crb (Crb + ). Whereas Moe depletion caused a buildup of Crb + at the MZ, it caused a loss of Crb JMM at the MZ (Fig. 4I,J) . This finding suggests that Moe interaction with the JM domain might compete with another junctionally localized protein, a possibility we address below. Additionally, it suggests that Moe depletion affects Crb localization independently of the JM domain, possibly via more general effects on the actin cortex (supplementary material Fig. S5 ). Additionally, depletion of Moe and disruption of the actin cytoskeleton with latrunculin A similarly elevated staining for several endocytic markers in stage-12 FCs (data not shown).
aPKC stabilizes Crb at the MZ in competition with Moe
Given that the Crb JM domain was required for recruitment of both pMoe and aPKC to the MZ after stage 10 ( Fig. 3F,H) , we next examined potential interactions between aPKC, Moe and Crb in this system. Varying the expression of Moe or aPKC demonstrated that, beginning in stage 11 when their MZ localization became sensitive to the presence of Crb, each antagonized the localization of the other. Moe depletion caused a strong excess of both aPKC and Crb (Fig. 5A,A′) , whereas overexpressing Moe Δact (a deletion that lacks the auto-inhibitory actin-binding domain and is constitutively in an open conformation; see Bretscher et al., 2002) reduced aPKC without affecting Crb (Fig. 5B,B′) . Depleting aPKC in flip-out clones (driven by Act5c-Gal4) caused cell lethality by stage 9, but a milder depletion with MirrorGal4; Gal80 ts increased MZ pMoe, even as it reduced Crb (Fig. 5C,C′) . Finally, expressing constitutively active aPKC CAAX reduced MZ pMoe without affecting Crb (Fig. 5D,D′) . Taken together with our observation that both Moe and aPKC localization at the MZ are affected by the JM mutation, these results suggest that Moe and aPKC compete for binding to the Crb JM domain.
To further test the idea that Moe and aPKC function antagonistically, we simultaneously depleted Moe and aPKC, using weakly driven RNAi that partially depleted each protein.
Compared with Moe or aPKC depletion alone (Fig. 5E,F) , depleting both Moe and aPKC (Fig. 5G) produced Crb junctional staining that resembled wild type (Fig. 5H, quantified in I) . Although additive effects of these manipulations cannot be ruled out, the increased MZ accumulation in the double-knockdown cells is consistent with the notion that Moe and aPKC function antagonistically to regulate Crb localization at the MZ in the late follicular epithelium (Fig. 6 ).
DISCUSSION
Our results reveal novel functional interactions between Crumbs, Moesin and aPKC in the follicular epithelium during late stages of Drosophila oogenesis. We found that loss of Crb, or mutation of its JM domain, results in reduction of both aPKC and active Moe at the MZ. Surprisingly, we also found that whereas aPKC promotes MZ accumulation of Crb, Moe does the oppositeloss of Moe results in increased MZ accumulation of Crb in the follicular epithelium. These opposing phenotypes suggest that Moe and aPKC function antagonistically to regulate accumulation of Crb in the MZ at these stages.
How do Moe and aPKC regulate levels of Crb in the MZ? First, although aPKC is generally thought to interact with the Crb complex through binding to Patj and Par-6 via its C-terminal PDZ binding motif (Kempkens et al., 2006; Bulgakova and Knust, 2009; Tepass, 2012 ), Röper (2012 recently suggested that aPKC also interacts with the Crb JM domain. Therefore, aPKC might promote junctional localization of Crb through interaction with two Crb domains, consistent with our observation that MZ localization of Crb is partially lost in crb JMM cells. In contrast to loss of aPKC, we observed excessive accumulation of Crb + (and aPKC), but not Crb JMM , in the absence of Moe. A previous study has proposed that Moe also interacts with the JM domain (Médina et al., 2002a) , suggesting that Moe and aPKC could compete for Crb binding. Overall, we hypothesize that aPKC promotes Crb stability through interactions with the Crb JM domain, whereas Moe reduces these stabilizing interactions at the MZ through competition with aPKC ( Fig. 6) .
A second possible contributing factor in MZ accumulation of Crb is competition between the apical and junctional pools of Crb, with Moe functioning to stabilize apical Crb. We observed that whereas loss of aPKC does not appear to affect Crb localization at the apical membrane, reduction in Moe function caused decreased Crb on the apical membrane and increased junctional Crb. Moe might stabilize Crb at the apical membrane by linking Crb to cortical actin (Médina et al., 2002a) or through more general effects on the actin cytoskeleton. Destabilized Crb on the apical membrane could then move within the plasma membrane and/or be recycled to the MZ, where it is stabilized by interactions through its PDZ-binding domain.
Our results suggest that, in addition to the previously proposed interactions between Moe and the Crb JM domain, the more general effects of Moe on cortical actin also affect Crb localization and dynamics. In support of this idea, loss of Moe affected the localization of Crb JMM , which should not be able to interact directly with Moe, and we observed pleiotropic effects on F-actin staining in late follicular cells depleted for Moe protein. Studies in yeast have demonstrated a crucial role for cortical actin in regulating early endocytic events (Kaksonen et al., 2006) . Actin dynamics are necessary for apical endocytosis in mammalian cells (Gottlieb et al., 1993) . Furthermore, the mammalian ERM protein Ezrin provides a necessary linkage to actin in the recycling of a β-adrenergic receptor (Cao et al., 1999) . Further disentangling the details of the interactions between Crb, Moe and F-actin will require more specific reagents to identify and manipulate the Crb/Moe binding sites to disrupt specific functions.
Strikingly, interactions among Crb, pMoe and aPKC were evident after stage 10, coincident with an increase in Crb trafficking and MZ accumulation. Cells undergoing shape changes, such as rapid squamous expansion, must remodel their junctions and membrane domains (Goldenberg and Harris, 2013; Lecuit and Pilot, 2003; Schotman et al., 2008) . Similar to the expansion of amnioserosal cells (Goldenberg and Harris, 2013; Pope and Harris, 2008) , but unlike the follicle stretch cells of stage 9 (Grammont, 2007) , the main-body FCs maintained continuous AJs throughout their expansion. After stage 10, MZ localization of aPKC, F-actin and pMoe, and continuity of Baz, an AJ component, required Crb. This latter result is consistent with a previous study, in which Crb was required for the addition of AJ material to the expanding rhabdomere of the pupal eye (Pellikka et al., 2002) . However, another rhabodmere study using transgenic overexpression (Izaddoost et al., 2002) implicated the Crb JM domain in AJ continuity, in contrast to our finding that AJs were intact with the crb JMM allele.
An intriguing possibility is that the putative competition between aPKC and Moe contributes to the role of Crb in morphogenesis, the mechanisms of which are not fully known (Bulgakova and Knust, 2009) . In salivary placode invagination, the Crb JM domain recruits Moe and actin to a supercellular, contractile purse string (Letizia et al., 2011) , which is specified by the anisotropic distribution of Crb and aPKC away from the site of the purse string (Röper, 2012) . Additional evidence that the JM domain can regulate actin cable formation comes from the defective dorsal closure of crb JM mutants (Klose et al., 2013) . Our results suggest a mechanism whereby competition between Moe and aPKC for Crb JM binding could help specify an actin cable. The apical Crb-Par complex might favor aPKC binding in regions of high Crb density, but Moe binding in regions of low Crb density (such as the apical surface, or the site of the purse string in the salivary placode). Thus, competition for binding Crb could amplify the anisotropy of aPKC and Crb, and Moe could recruit the actin for the supercellular cable.
The upregulation of Crb endocytosis we observed after stage 10 probably plays a role in regulating Crb dynamics during stages 9-11. In other contexts, the retromer regulates Crb membrane levels by influencing its recycling versus degradation (Pocha et al., 2011; Zhou et al., 2011) . Intercellular homophilic binding of Crb might favor its MZ localization in most tissues (Thompson et al., 2013) . However, in egg chambers, the germline cells, which are tightly apposed to the apical surfaces of FCs, also express Crb (Tanentzapf et al., 2000) , which could stabilize Crb apically. Thus, the outgrowth and subsequent regression of microvilli in stages 9-10 (D' Alterio et al., 2005) could drive the movement of Crb apically and back to the MZ, but this hypothesis remains untested.
A striking aspect of the effect of Crb loss on Moesin localization was that pMoe and F-actin staining appeared to be noticeably excluded from the MZ in Crb-deficient or Crb JMM -expressing cells (Figs 2 and 3) . In addition, the width of the zone of pMoe and F-actin loss appeared greater than the width of the MZ Crb staining. It is somewhat puzzling how pMoe and actin could be either excluded from, or fail to be recruited, to this rather broad region in the absence of the relatively narrow JM domain. One possibility is that the zone of pMoe absence represents newly added membrane material, which cannot recruit pMoe or F-actin in the absence of Crb or the Crb JM domain. Alternately, Crb might 'nucleate' addition of F-actin and/or pMoe at the MZ, and it could spread outwards from there.
The late-stage follicular epithelium displays an unexpectedly dynamic deployment of MZ components, revealing functional relationships not readily apparent in other developmental contexts. Whereas the interactions between Moe, aPKC and Crb uncover a novel connection between the apical PAR network and the apical actin cortex, much remains to be learned about how multifaceted interactions among these proteins and other junctional components direct tissue homeostasis and morphogenesis.
Quantifications of pixel intensities
Pixel intensities of crb lacZ and Crb were quantified as mean gray levels in ImageJ, using single slices or maximal projections of unsaturated confocal z-series taken at 1024×1024, 7.3 pixels/µm. For crb lacZ we used single slices centered on the mid-nucleus and measured an oval section excluding the nucleolus.
We defined MZ Crb staining as the two to three confocal slices (0.3 µm apart) with the brightest Crb staining at cell peripheries (supplementary material Fig. S1 ). Co-labeling experiments showed this region was 1-1.5 µm apical to the adherens junction staining of ECad and Baz, and coincided with aPKC and pMoe, confirming its identity as MZ. We measured Crb MZ brightness from single sections of the brightest region of junctional Crb, corresponding to the MZ, using the line tool at 1 pixel width (narrower than the MZ). To measure apical Crb staining we used the brightest section just apical to the MZ and selected regular polygons just within the cell borders but excluding the cell periphery. We measured total Crb from maximal projections of five sections (0.3 µm apart) that encompassed the MZ, apical surface and underlying apical cytoplasm.
We measured both wt and Moe RNAi cells in each egg chamber, selecting the z-sections appropriate for wt and Moe-depleted cells (the apical of which was offset in the z-plane). For counts of Crb and Rab7 vesicles we thresholded maximal projections of confocal z-series in ImageJ and used the Analyze Particles tool to count particles within manually outlined cells.
